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The role of thermally-induced internal stresses on the tunability
of textured barium strontium titanate films
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The tunability of highly textured thin films of barium strontium titangBsg sSry sTiO3, BST) is
analyzed theoretically using a Landau—Devonshire thermodynamic model. The relative dielectric
constant of BST films is determined as functions of the applied external electric field, deposition
temperature, and the thermal expansion coefficient of the substrate. Our analysis shows that
tunability is highly dependent upon thermally induced strains within the material. Both tension and
compression produce deleterious tuning response. However, this effect can be minimized through
judicious choices of deposition temperature and appropriate substrate matefi@d4CAmerican
Institute of Physics[DOI: 10.1063/1.17813536

In recent years much attention has been given to thé¢he tunability from 20% to 32% for a 40 kV/cm field was
development of tunable dielectric materials for voltage con+eported for BgssSiy gsT103 films on LaAlO; substrates af-
trolled phase shifters? Such devices could have extensive ter an annealing treatmeﬁt.
use in both automotive and military steerable radar systems In a recent publication, we have analyzed the effect of
operating fromX-band to millimeter wavelengths. The tun- epitaxial strains on the tunability of BST fiIH’?Sconsidering
ability (i.e., the degree of variation in the dielectric constantthe possibility of the formation of “unusual” phases that can-
as a function of the applied electric figlts one of the key not form in bulk BST ceramics or single crystals by using a
design g)arameters in paraelectric-based steerable microwaliandau—Devonshire phenomenolc}éyn this letter, we em-
devices: The choice of material systems for microwave de-ploy a similar treatment to analyze the tunability of highly
vice applications has primarily focused on perovskite oxidegextured BST films. Our goal is to provide a quantitative
such as Bgr,_,TiO5 (BST) and SITiQ (STO).*™ Current  estimation for the dependence of the tunability on thermally
experimental efforts for improving the tunability and de- induced internal stresses.
creasing the dielectric loss of perovskite materials are often Consider a (00)-textured polycrystalline perovskite
based upon a “cut and try” approach, adopted principallyferroelectric film that undergoes a culfier3m) to tetrago-
because of the lack of a fundamental theoretical formalisnhal (P4mm) phase transformation upon cooling, deposited in
with capabilities for predicting the net properties of the un-the paraelectric state between two electrodes on a thick sub-
derlying paraelectric materials and guiding the depositionstrate(Fig. 1). A Cartesian coordinate system is defined with
process. Such a theory would be beneficial in rapidly develx,|[100], x,1[010], and x3I[001] as shown in Fig. 1. We
oping the optimized materials necessary for steerable azssume that the grain sieis comparable to the film thick-
tenna systems. nessh. The spontaneous polarization of the ferroelectric is

Recent experimental studies have shown that internadriented parallel to the axis such thaP=P5 and P,=P,
stresses have a great impact on the dielectric behavior &fg, a reasonable assumption for very small deviations of the
BST thin films!®** Significant variations in the dielectric spontaneous polarization direction for high§01) textured
constantclose to an order of magnitupleave been observed films. Since films are usually deposited at elevated tempera-
in epitaxial BST thin films for which the internal stress levels tures, there are internal stresses that deve|0p in the film due
were systematically altered either by using different substratg difference in thermal expansion coefficigftEC) of the
materials or by adjusting the film thickness. Experimentalilm and the substrate. The thermal stresses give rise to a

results also indicate that the tunability of BST films displays
P
m

strong dependence on the lattice misfit, or the misfit strain.
Substrate

For example, it was shown that annealing treatments to re- Electrodes
duce residual stresses in &, ¢T103 films could improve

the tunability from 36% to 52% for a 57 kV/cm field on a
“compressive” LaAlQ substrate(i.e., substrate with lattice
parameters smaller than the film such that compressive x3
stresses are induced in the plane of the film—substrate inter- ‘/T—pxl
face in pseudomorphic filmsut reduce the tunability from X2

47% to 38% on a “tensile” MgO substratén increase in

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. (Color onling Schematic diagram aD01) textured polycrystalline
p.alpay@ims.uconn.edu ferroelectric thin film grown on a single crystal cubic substrate.
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biaxial strain state in th& —x, plane such that the in-plane

strains arel; =u,=ug, whereur=(ag—ag) AT, ap andagare

the TECs of the film and the substrate, respectively, Amd

is the difference between deposition temperafigeand RT

(room temperature, 25 °)CAll tensor quantities are given in

contracted notation. Taking into account the mechanical

boundary conditions, i.e., no shear stres@es o3=0=0)

and no out-of-plane strege3=0), the free energy per unit

volume of the film can be expressedas
G(P,T,up,E) =aP?+ bP*+cPP+ —

St S

whereP is the polarization, ané(llx3) is the applied electric

field. For a film under biaxial stress, the renormalized expan-

sion coefficients of the free energy functional are given as
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wherea is the dielectric stiffnessy andc are higher order
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The tunability can be defined as the ratio of the variation of

Growth Temperature T (°c)

the dielectric constant at a given electric fi@ldo the dielec-

tric constant at zero bias: FIG. 2. (Color onling Calculated tunability 0f001) textured polycrystal-

line Bay sSrp 5Ti0O5 thin films as a function of the deposition temperature on

s(E=0) - S(E) substrates exerting) tensile andb) compressive thermal internal stresses
= (5) on the film. Applied biasE=50 kV/cm. Each curve is labeled with the
e(E=0) thermal expansion coefficient of the substrate in the unit of 1C¢7%.

Since the internal stresses in polycrystalline or textured
films are predominantly due to thermal stresses, the growthperatures result in larger thermal stresses and thus smaller
temperature and the TECs of substrates and films are egdnability. This effect is more remarkable for compressive
pected to have substantial effects on the tunability. In Fig. Zubstrates for which there may be significant decrease in the
we plot the theoretically calculated tunability @301) tex-  tunability for films deposited at elevated temperatures. It is
tured polycrystalline BST 50/50 thin film on substrates hav-interesting to note that for compressive substrates with TECs
ing a variety of TECSin units of 10° °C™1) as a function of equal to 11 and 11.810°° °C™%, a slight loss in tunability is
growth temperatur@g. The film is assumed to be under an predicted if the growth temperature is lowered.
applied biasE=50 kV/cm. The thermodynamic parameters, Figures 2a) and 2b) also show that high levels of ther-
elastic, and electrostrictive constants for the BST 50/50 filnmal stresses and low tunability are expected for substrates
are obtained by averaging the corresponding single-crystatith large differences in TECs compared to B$I0.5
parameters of BaTiQand SrTiQ.16 Considering that the X106 °C™1). For films deposited on tensile substrates, the
TEC of BST 50/50 is 10.510°°C™ and ur=(ar—ag) tunability increases with a decrease in tensile stress as the
AT, Fig. 2a) plots the tunability of BST 50/50 on “tensile” TEC of the substrate approaches that of the film where maxi-
substrategsubstrates with TEC smaller than the film suchmum tunability is predicted as observed in Figa)2 For
that tensile in-plane stresses are developed in the film as fiilms deposited on compressive substrates, tunability is
cools down from growth temperatyrevhile Fig. Ab) shows  maximized when the substrate has TEC close to that of the
the tunability of film on “compressive” substrates. film, and it decreases with further decrease in the TEC of the

Figures 2a) and 2b) reveal that regardless of whether substrate when the TEC of substrate is in the range of
the substrate is tensile or compressive, higher growth temt1.5 to 11x10°¢°C™
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the applied bias and it increases with increasing the electric
field. Figures 8 and 3b) present the respective counter-
parts of Figs. 2a) and 2b), but with an applied electric field
E=700 kV/cm. It can be seen from Figsiapand 3b) that

at such high fields, there is a substantial enhancement in
tunability for both compressive and tensile substrates. Even
for tensile substrate with a TEC arounck1076 °C™%, a rea-
sonably good tunability~45% atTg=900 °C is predicted.
These results indicate that a ferroelectric thin film with a
high breakdown field is desirable in order to achieve substan-
tial enhancement in tunability at large applied bias.

The calculated tunability is compared with published ex-
perimental results. A tunable response~6f5%[Fig. 3@)] is
predicted for TEC~2 to 4x10°® °C™%, which is close to
the TEC of Si(bulk value varies from 2.8 10°¢°C™* at
25°C to 5x10°%°Ctat 850 °Q, and agrees with the ex-
perimentally reported values by Jaewtal!’ The calculated
tunability on MgO (TEC 13.47x10%°C™) is consistent
with the experimentally reported value of 4q%g. 2(b)] for
a BST deposition temperature of 750 °C.

In conclusion, we have analyzed the dependence of the
tunability on thermally induced internal stresses in highly
textured BST films via a Landau-Devonshire thermody-
namic model. Our model does not rely upon any adjustable
parameters, and being simple, can be applied to any film—
substrate system. It has been shown that choice of the depo-
sition temperature and the thermal expansion coefficient of
the substrate can be used as design parameters to achieve
desirable tunability of ferroelectric thin films.

The work at UConn was supported by NSF under Grant
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